Abstract-Earth-moving machines such as hydraulic excavators are usually used for carrying out contact tasks. Impedance control can be employed as an approach for achieving compliant motion in such tasks. This paper describes a position-based impedance controller that has been developed in our laboratory for excavator-type manipulators, and presents supporting experimental results. First, the problem of impedance control for a single hydraulic cylinder is addressed and a method is presented to analyze the system stability. The steady-state position and force tracking accuracy of the closed-loop system is also studied. Next, the problem of impedance control for a multilink hydraulic excavator is addressed and the arm Jacobian and accurate estimates of the arm inertial terms are employed to map the desired impedance of the end-effector (bucket of the excavator) onto the hydraulic cylinders. Various contact experiments carried out using an instrumented mini-excavator demonstrate that the proposed impedance controller has very good performance for both single-link and multilink cases.
An overview and historical perspective of robot force control can be found in [3] and [4] . Active compliance can be provided by using either hybrid position/force control or impedance control. In hybrid position/force control, the task space is divided into two orthogonal and nonconflicting position and force controlled subspaces [5] . Mathematically consistent variants of the hybrid position/force control can be found in [6] and [7] . As introduced in [8] , the objective of an impedance controller is to establish a desired dynamic relationship between the endpoint position and the environmental contact force. Hence, the feedback loops at the manipulator joints are closed such that the robot appears as a specified impedance (target impedance) from the perspective of the environment. Two common practical approaches are position-based and force-based impedance control [9] . The position-based approach consists of an inner positionfeedback loop and an outer force-feedback loop. Basically, the contact force information is used to modify the desired position of the end-effector that is applied to the inner position control loop. Thus, position-based impedance control can be viewed as a mechanism that softens a stiff position source using the contact force information. In contrast, the force-based approach consists of an inner force-feedback loop and an outer position-feedback loop. The stability properties of these approaches have been studied in [9] . The position-based approach to impedance control is adopted here because of the following reasons.
• Most industrial robots already have a position controller and the approach simply requires adding a force feedback loop (with proper kinematic transformation). For our application, a closed-loop position controller is already needed to implement coordinated motion control of the excavator arm.
• Unlike with other approaches to impedance control, a dynamic model of the manipulator is not required in this approach. However, for the excavator case where the endeffector contact force must be measured indirectly from cylinder forces, a knowledge of the manipulator dynamics or at least the gravitational parameters is needed. This issue is discussed later in the paper. • Unlike with electrically-driven actuators, force/torque control of hydraulic actuators is not an easy task. However, these actuators can be made to behave as good position/velocity sources. Consequently, the position-based approach leads to a wider range of attainable target impedances for preserving stability [9] . The fact that force control of hydraulic cylinders is a challenging task has also been emphasized in [10] . In [11] , the authors also discussed this issue and as a result adopted the position-based impedance control scheme for achieving compliant motion for a hydraulic robot. Limited models of excavators and their interaction with soil have been presented in [12] . Kinematic and dynamic modeling of such machines assuming that the arm cylinders act as force sources have been discussed in [13] , where a simplified digging dynamics is used for simulation purposes.
Only the backhoe links (boom, stick, and bucket) which form the planar arm of the manipulator are studied here. The developed controllers are experimentally tested on the arm of a Takeuchi TB035 mini-excavator [14] which has been instrumented using joint angle sensors, load pins, and fluid pressure transducers. The pilot stage of the machine main valves has been also modified for computer control [15] , [16] . A photograph of the instrumented machine is shown in Fig. 2 . Identification of the mass, inertia, and friction related parameters of the machine arm has been addressed in detail in [17] based on the prior work reported in [15] and [18] . Treating the machine arm as an open kinematic chain, its dynamic equations were expressed symbolically. The static torque equations were derived from the dynamic equations and the six gravitational parameters were defined accordingly, such that the static equations are linear in these parameters. Also, the arm dynamics were expressed in a form which is linear in the inertia and friction-related parameters. The link parameters were successfully identified by applying least squares estimation to experimental data collected by placing the arm in various postures (static) or by moving the links simultaneously (dynamic). As explained later in this paper, the link parameters are needed for implementing impedance control.
The work reported here was partly presented in [19] [20] [21] . In [19] , experimental results were reported for the impedance control of a single cylinder only and in [20] and [21] , the focus was mainly on using the impedance controlled excavator in bilateral matched-impedance teleoperation control architecture in which both the master [magnetically levitated (Maglev) force feedback joystick [22] ] and the slave (the mini-excavator) are controlled by local impedance controllers. Fig. 3 shows a block diagram of the proposed four-channel control architecture, in which, both positions and forces of the master and the slave are exchanged and the target impedances of the master and the slave impedance controllers are adjusted in a dual manner based on the environment properties, such as contact force to velocity ratio. Bilateral matched-impedance control is a practical implementation of the dual-hybrid teleoperation control architecture [21] with seemless transition between position and force control modes.
As the main contribution of the present paper, excavator impedance control has been investigated for the first time with supporting experimental results. Although the excavator has been used in the matched-impedance teleoperation setup discussed above, the material presented here is independent and can be applied for stand-alone control of the excavator. After introducing the proposed impedance control scheme, the closed-loop system stability is analyzed and a technique is developed for choosing the target impedance parameters to achieve good stability and fast force tracking during the contact, and fast position tracking upon leaving the contact. Furthermore, the arm inertia matrix that was identified in our previous work [17] , is expressed in the task space coordinates and its characteristic during a typical leveling experiment is studied.
This paper is organized as follows: Machine instrumentation is briefly explained in Section II. Position control design for the hydraulic cylinders is addressed in Section III. Design and stability analysis of the single cylinder impedance controller are discussed in Section IV and multilink impedance control is addressed in Section V. Experimental results for the arm position control, single cylinder impedance control, and multilink impedance control are presented in Sections VI-VIII, respectively. Conclusions and future work are outlined in Section IX.
II. THE INSTRUMENTED MINI-EXCAVATOR
The following sensors have been installed on each of the excavator arm links:
• A digital resolver, installed at the manipulator joint, that measures the absolute joint angle with a resolution of 0.02 . • A load pin, replacing the cylinder pin, that measures the cylinder force. This single-axis sensor is sensitive to both tension and compression and is fixed to the link. In Fig. 1 • Two gage pressure transducers, installed on the main hoses, that measure fluid pressure inside the cylinder chambers, in the range of 3000 lbf/in and with an accuracy of 7.5 lbf/in , while the resolution of the data acquisition system reading the sensor outputs is 2.9 lbf/in . The load pins are used for indirect measurement of the endeffector contact force and the pressure sensors are not employed in this work. However, experiments show that similar results can be obtained by using the pressure readings for contact force measurement. In addition to the above mentioned sensors, a Temposonic linear displacement transducer with a stroke of 1.524 m and a maximum nonlinearity error of 0.76 mm has been used in the single cylinder experiments only.
The pilot stage of the main valves has also been modified for computer control. A pair of fast ON/OFF solenoid valves were installed for each actuator. Differential pulse width modulation (DPWM) was used to operate these valves, as explained in [15] , [16] . Experimental investigations presented therein showed that DPWM at a frequency of 100 Hz results in a pilot stage with reliable linear performance.
The sensors and the pilot valves are connected to a VME-bus based computer system, which consists of data acquisition boards and a CPU board running the VxWorks real-time operating system. The computer system is networked to the local Ethernet and programs (written in C) are cross-compiled in the UNIX environment. The digital control loops are implemented at a sampling rate of 300 Hz.
In order to test and evaluate control strategies and operator environments, a machine simulator has been also developed in our laboratory [23] , [21] . The simulator comprises real-time dynamic simulation of the impedance model of the mini-excavator and a model of the bucket-ground interaction forces as well as a graphical display of the animated mini-excavator controlled by a real Maglev joystick. Note that only experimental results with the real machine are presented here.
III. CYLINDER POSITION CONTROL
There are various nonlinearities affecting the dynamics of hydraulic actuators such as the basic flow equation through an orifice, flow forces on valve spools, and friction [24] . The dynamic modeling of a general single-axis hydraulic actuator has been discussed in [10] . Similarly, a symbolic state-space model has been derived in [15] for a single actuator of an excavator being controlled by DPWM-operated pilot valves. The controller presented here assumes that the hydraulic actuator behaves as a position/velocity source within the range of desired motion. To achieve this goal of position control, a number of approaches have been reported in the literature to compensate for the nonlinear dynamics of hydraulic actuators. For example, in [25] , the authors used the feedback linearization technique, and in [11] , a nonlinear proportional-integral (NPI) controller was used. Other work have been recently reported in [26] [27] [28] .
According to the experimental results presented in Section VI, for our application, a simple proportional-derivative (PD) controller with "deadband compensation" results in an almost linear closed loop system with good position tracking performance. Fig. 4 shows a block diagram of the employed single cylinder position control system. In this figure, and are the desired and actual cylinder extensions, is the control voltage and is the output voltage of the nonlinear block in the controller, included to compensate for the deadband behavior of the system. Note that, except for the small linear region in the vicinity of (included to avoid discontinuity and chattering), the role of the nonlinear block is simply to add constant positive and negative voltages to the output of the PD controller. The parameters of the deadband compensation block are chosen by experimentation. For example, the deadband voltage levels for both extension and retraction of the cylinder are obtained by slowly increasing or decreasing the applied voltage from zero until motion starts. The deadband behavior of the system is believed to be due to the use of overlapped main valves, which is an important design aspect of the heavy-duty hydraulic manipulators for safety reasons (in order to stop cylinder motion when the operator releases the joystick). The position controller utilized in the single cylinder case is slightly different from the ones used in the multi-link case. For example, in the multilink case, the position feedback gains for extension and retraction regimes are different. The details will be discussed in Section VI.
With the position controller in place, the external forces (viewed as disturbances) would have negligible effect on the cylinder extension. Consequently, the closed-loop system can be approximately modeled as a position source described by the following linear equation described in terms of Laplace transformation: (1) where . The approximate linear dynamics (1) will be validated in Section VI by identifying for the stick actuator from experimental data. The vector form of equation (1) will be used in the multilink case, with as the vector of actual cylinder extensions, and as the vector of desired cylinder extensions, and as a diagonal transfer function matrix which can be identified from experimental data. The inverse of the position transfer function can be used in the impedance controller to improve the stability of the closed-loop system, as described in the following sections.
IV. SINGLE CYLINDER IMPEDANCE CONTROL Fig. 5 shows the schematic of a hydraulic cylinder in interaction with a mass-damper-spring environment. It is assumed that the contact is not broken at any time and that the environment is modeled by a second-order mass-damper-spring system which is a standard practice in analyzing impedance control systems. In this figure, is the force applied by the cylinder to the load, is the displacement of the environment, is the force applied by the load on the environment, is the load mass, and , , and are the mass, damping, and stiffness parameters of the environment. According to the load pin locations shown in Fig. 1 , both the stick and the bucket cylinders can be modeled as shown in Fig. 5 . However, the boom load pin is connected to the end of its piston. The stick and bucket load pins measure the cylinder force , while the boom load pin directly measures the contact force . Impedance control of the boom cylinder can be studied in a similar manner and will not be described.
As mentioned earlier, the pressure readings are not used in this work, however, it is worth discussing the issue here. Let us define as the force measured using pressure transducers, where , , , and are the head-side and rod-side pressures and piston areas, respectively. It is easily verified that the force balance equation is , where is the friction inside the cylinder. Thus, if the frictional component is negligible for the range of velocities involved, one can use the pressure readings to measure the cylinder force. Experimental investigations verify that this is indeed the case [15] . This is of practical importance as pressure sensing can be an order of magnitude more economical than load pin sensing.
A. Design of the Impedance Controller
Modeling of the target impedance has been discussed in [29] . For our application, the following general (linear) form is assumed: (2) where and are the nominal (desired) and the actual forces applied to the environment, and are the nominal and actual cylinder extensions, is the load inertia term, and is the desired impedance. Typically, , where , , and are the desired inertia, damping, and stiffness of the cylinder. The term is included to account for indirect measurement of the contact force. 1 Thus, the desired impedance adds to the load inertia. Newton's second law applied to the load, gives (3) 1 Note that for the boom cylinder, whose load pin directly measures the contact force, E = 0 and the target impedance appears in its familiar form.
Since is the sensed force by the load pin, to design the impedance controller needs to eliminated between (2) and (3), resulting in (4) Now, assuming that the cylinder behaves as a position source with the transfer function defined in (1) , and that the actuator force is measured by the load pin, the relationship of (4) can be approximately established by setting the desired cylinder extension as follows: (5) where , a stable approximation to the inverse of , is included to improve the performance and the relative stability of the system. Combining equations (1), (3), and (5), the following relation is derived for the implemented impedance: (6) where . As expected, in the ideal case of , the implemented relationship between the contact force and cylinder extension reduces to (2) for the target impedance.
B. Stability Analysis
Suppose now that the manipulator moves the load against an environment (see Fig. 5 ). The environment impedance can be described in general by (7) For the environment shown in Fig. 5 , and . The generic model of (7) covers many specific linear models proposed in the literature for environments including the commonly used pure stiffness model [9] , [29] and the massdamper-spring models discussed in [11] and [30] . The following equation is obtained for the closed-loop dynamics by substituting for in (6) from (7):
The Nyquist criterion can now be used to check the stability of the closed loop system by determining whether (9) has a stable inverse. The parameterized impedance models can now be incorporated into (9) to obtain guidelines for choosing the target impedance coefficients. For example, by replacing , , , , and with their parametric definitions, the following expression is obtained for : (10) where and . Here, and are the time constants of the first-order transfer functions and . Using the Nyquist criterion, a sufficient condition for stability would be (11)
C. Steady-State Tracking Accuracy
The steady-state position and force tracking accuracy of the proposed impedance controller is studied here for the model shown in Fig. 5 . Assuming that , the following expression is obtained from (8): (12) As expected, position tracking is good if , and is smaller than the admissible position error. On the other hand, the contact force in the steady-state condition is (13) Combining (12) and (13) gives (14) As expected, the contact force tracks its nominal value as long as , and is smaller than the admissible force error. Force tracking in impedance control has been studied in detail in [29] .
V. TASK SPACE IMPEDANCE CONTROL
The excavator arm posture can be specified in three different coordinate systems. The significance of each coordinate system is briefly discussed as follows.
• Joint coordinates: The installed resolvers directly measure the joint variables (angles) in this coordinate system, however, there is no sensor for direct measurement of the joint torques.
• Cylinder coordinates: Hydraulic valves are used to modulate oil inside the cylinder chambers in order to change their extension. The installed load pins sense either cylinder force (boom) or cylinder reaction force to its hinge (stick and bucket). Thus, force measurement and cylinder position control are carried out in cylinder coordinates.
• Task coordinates: One can use the cylindrical coordinates of the end-effector (bucket tip) to directly specify the bucket position and orientation in a fixed base frame located at the machine cab. Since it is easier to model the interaction of the manipulator end-effector with the environment in the task space, the target impedance will be specified in task coordinates. Note that cylinder extensions are the actual controlled variables while the desired impedance of the manipulator is defined in the task space. Therefore, some coordinate transformation is required in order to implement the desired impedance. A trigonometric expression relates each joint angle to the extension of the corresponding cylinder. The derivative of this expression, called the cylinder Jacobian, provides the linear relationship between the joint velocity and cylinder velocity. To simplify real-time computation of the trigonometric mapping and its derivative (i.e., cylinder Jacobian), a polynomial approximation method is employed which has been discussed in [18] and [15] . To transform between joint space and task space coordinates, the manipulator kinematics and its Jacobian are used.
A. Bucket Impedance Control
The desired task space impedance is assumed to be in the following vector form: (15) where and are the nominal and actual bucket position vectors, and are the nominal and actual forces applied by the bucket on the environment, is the robot inertia matrix in task space coordinates, and is the target impedance matrix which is typically diagonal. The bucket tip position vector can be expressed as , where and are the horizontal and vertical components of the bucket tip position relative to the cab frame, and is the angle of the bucket link relative to the horizontal plane. The components of the contact force vector are defined accordingly.
The arm Jacobian transformation can be expressed as follows: (16) where is the excavator arm Jacobian, is the joint angle vector, is the joint velocity vector, and is the joint torque due to the contact of the bucket tip with the environment. The cylinder Jacobian transformation can be expressed as follows: (17) where is the cylinder Jacobian which is a diagonal matrix (since each cylinder activates one joint only), is the vector of cylinder velocities, is the vector of cylinder forces measured by the load pins, and is the joint torque vector corresponding to the cylinder forces. The rigid-body dynamics of the excavator arm can be described as follows in the joint space coordinates: (18) where is the arm inertia matrix, is the vector of Coriolis and centrifugal torques, and is the gravity torque vector. While executing a contact task, the excavator joint velocities are very small. Thus, one can linearize the arm dynamics at a given posture by ignoring which contains second-order velocity terms (19) Using the Jacobian transformations, the above equation can be expressed in the task space coordinates. Toward this end, (16) is differentiated to give , where the term can be neglected at small velocities; hence, and (19) appears as follows in the task space coordinates: (20) where and . Assuming that the arm configuration changes slowly enough for the Jacobian to be considered constant (so the Laplace variable and the Jacobian commute), the dynamics of the position controlled hydraulic cylinders in the task space can be expressed as (21) where is the desired position of the end-effector. Furthermore, by combining (15), (20) , and (21), the following expression is obtained for the position-based impedance controller: (22) or equivalently (23) where, similar to the single cylinder case, is a stable approximation to the inverse of the . With , the established impedance relationship would be (24) In the impedance control law (23), the gravitational torque vector depends on the joint angles and is a linear function of a parameter vector that depends on the mass properties of the links. The entries of were identified in our previous work [18] from the static experiments conducted on the miniexcavator arm. The arm inertia matrix depends on the joint angles and is a linear function of a set of inertial parameters . In [17] , the arm gravitational and inertial parameters as well as the machine friction coefficients have been modeled and identified.
Note that the established impedance relationship (24) reduces to the desired impedance equation (15) when . Since, typically, , with all entries being positive definite, the intended task space arm impedance will have the same or larger inertia, depending on whether or . Fig. 6 shows a block diagram of the task space impedance controller.
VI. POSITION CONTROL EXPERIMENTS IN FREE-SPACE
For digital implementation of all the designed controllers, the backward Euler approximation was used at a sampling frequency of Hz. Experiments showed that sampling at a higher frequency does not improve the system performance any further.
A. Single Cylinder Position Control
In this subsection, the results of the experiments carried out on the stick cylinder of the mini-excavator are reported. The stick piston was disconnected from the rest of the machine (to eliminate the link dynamic effects) and was used in a horizontal orientation (to eliminate the gravity force). The employed position control law was as follows: (25) where V V is the applied voltage to the stick pilot valve, is the position tracking error, is the velocity tracking error, V/m is the tuned position feedback gain, V/(m/s) is the tuned velocity feedback gain, and is the deadband compensation term, which was experimentally set as follows: V V (26) Fig. 7 shows the result of applying a low-pass-filtered white noise signal as the desired input to the position control system. Assuming the following simplified transfer function for the position controlled cylinder: (27) and employing least squares to minimize the equation error using the collected experimental data shown in Fig. 7 , a value of was obtained. Fig. 8 shows that the identified model predicts the system output with a good accuracy. Note that the inverse transfer function which is needed to implement the impedance controller is the following PD term: (28) In practice, the low-pass filtering associated with numerical differentiation produces a large pole in the transfer function, as modeled earlier. For simplicity, it will be assumed that the inversion is perfect, i.e., .
B. Multilink Position Control
For the multilink case, it was observed that the deadband characteristic of the main valves affects the control performance significantly. Therefore, the position controllers were modified in order to achieve better performance. A detailed description of the bucket cylinder position control follows. Similar controllers were used for the boom and stick cylinders, only with different gains. The control law used for the bucket cylinder is (29) where V/m is the position gain for extension, V/m is the position gain for retraction, and V/(m/s) is the velocity gain. The deadband compensation term was experimentally set as follows: Fig. 9 shows the voltage as a function of the position error . The smooth (linear) transition between retraction and extension regimes is included to prevent oscillatory response and the range of 1 mm for position error was chosen by trial and error. Fig. 10 shows position tracking performance of the three cylinders, while simultaneously driven in free-space using the designed position controllers.
VII. SINGLE CYLINDER CONTACT EXPERIMENTS
Contact experiments using the stick actuator, while disconnected from the rest of the arm as explained in Section VI-A, are discussed in this section. A sturdy rope was used to constrain the motion of the piston.
A. Identification of the Environment
In a position control mode, the piston was commanded to enter the contact regime and respond to a low-pass-filtered white noise position input. Fig. 11 shows the recorded load pin force and the cylinder extension signals. Least squares estimation was employed to estimate the damping and stiffness parameters of the environment from the experimental data. Note that the inertial effect of the environment was negligible. The identified environment parameters were
Various experiments showed that the constraining rope has nonlinear behavior and the result of estimation depends on the extent the rope is stretched. However, the identified values in (31) can be used for approximate linear modeling of the rope. 
B. Selection of the Target Impedance Parameters
Experiments have shown that the inertial force measured by the load pin is negligible ( ) and therefore . For the target impedance defined by , the parameters , , and can be chosen such that: • The closed-loop system has an acceptable dynamics in the contact regime. This can be determined from the closed-loop characteristic equation , where is defined in (9) . To check the contact dynamics, an approximate model of the environment dynamics is required.
• The implemented impedance is attainable. For example, the target stiffness is decided according to the desired compliance of the cylinder. However, some limitations exist, e.g., the target stiffness cannot be lowered arbitrarily (see [9] ). • The response of the impedance filter ( ) is fast enough so that 1) in departure from contact regime to free-space, the desired position ( ) resumes its nominal value ( ) quickly and 2) the response to a force command during contact is fast. The second issue is particularly important in bilateral teleoperation. For our application, the target stiffness was set to N/m and the target damping and inertia were chosen such that the closed-loop characteristic equation corresponds to a damping ratio of and a natural frequency of rad/s. With this choice, the settling time in the contact regime would be s. For simplicity, the ideal closed-loop characteristic equation (for ) was used
To achieve the desired response, the following relations must hold:
With these parameters, the transfer function of the impedance filter becomes (35) which corresponds to an approximate settling time of s for the impedance filter and is fast enough for our application. Fig. 12 shows the result of applying a sinusoidal position trajectory where almost half of the trajectory falls into the contact regime. The nominal contact force ( ) is set to zero. According to this figure, the impedance controller modifies the nominal trajectory as expected (for a force/position compromise) and the closed-loop system is stable. Fig. 13 shows a good matching between the position modification ( ) and the filtered force ( ). The bumps observed in the curve are due to inaccuracy of the inner loop position control system in satisfying equation (1) and can be improved by employing a better position controller, such as the one proposed in [11] . Note that, in the ideal case (when the target impedance relationship is realized), the plots of and would be identical. Thus, the mismatch between the two plots can be used to judge the impedance control performance. 
C. Impedance Control Experiments
The environment impedance can be calculated as N/m, which is considerably lower than what was obtained from the least squares estimation of the rope parameters. The main reason is believed to be the nonlinear behavior of the environment. From equation (12) , the relative jump in position is predicted to be , whereas from the recorded signals it is obtained as . The two values are slightly different due to inaccuracy of the inner loop position control system.
VIII. MULTILINK CONTACT EXPERIMENTS
Experimental results illustrating the effectiveness of task space impedance control for a prototype leveling task are presented in this section. The inner loop position control design has been already discussed in Section VI-B. For a leveling task, the operator would move the bucket radially back-and-forth while exerting a normal force on the ground. Therefore, the radial position of the bucket tip, the bucket orientation , and the vertical force against the ground should be controlled. The impedance controller (23) was implemented with along the elevation axis , and and (37) Thus, the desired impedance (defined by ) is added to the inertia of the mini-excavator arm, i.e., the arm inertia is increased by roughly 400 Kg.
A piece of lumber was laid on the ground in front of the excavator arm at an approximate elevation m, as shown in Fig. 2 . A desired trajectory, plotted in dotted line in Fig. 15 , was commanded. In the development of the impedance controller, the end-effector (being in contact with the environment) was assumed to be the bucket tip. To comply with the kinematic and Jacobian calculations required in the algorithm, only the bucket tip was in contact with the lumber in the leveling experiments. Figs. 15-18 show the bucket position trajectory, the forces (and the torque) applied by the bucket tip to the lumber, the cylinder extensions, and the cylinder forces measured by the load pins, respectively. In these figures, position control results are shown The experimental results reveal that in impedance mode, the bucket trajectory does comply to the environment constraint, transient forces are significantly lower, and steady-state contact forces tend to zero. By contrast, in position control, interaction forces are significantly higher. Note that because the arm does not comply to the constraint, the machine cab tilts up during position control, so the location readings of Fig. 15 are in cabframe, not ground-frame.
The leveling experiment was repeated with different parameters for the target impedance. The observation was that lowering the desired stiffness would cause instability (as predicted in [9] ). On the other hand, the target stiffness could be increased eight-fold (up to N/m). The target inertia could be lowered down to zero without losing stability. The target damping was adjusted according to the target stiffness and inertia.
The arm inertia matrix in task space ( ) was calculated along the compliant trajectory (under impedance control) using the arm Jacobian ( ) and the inertia matrix in joint space ( ) which was identified in our previous work [17] . In [17] , it was also verified that the identified matrix is positive definite within the arm workspace. The diagonal elements of are plotted in Fig. 19 . All the elements are positive, as expected. In particular, the arm inertia in direction varies in the range of (247-333) Kg. Thus, with the impedance controller in place, the effective inertia of the arm in the direction would be in the range of (647-733) Kg.
IX. CONCLUSION AND FUTURE WORK
A novel approach was presented in this paper for position-based impedance control of excavator arms. The approach is general and can be applied to different types of hydraulic manipulators. The position-based method was adopted as hydraulic cylinders can be made to behave as position/velocity sources. Another aspect of the problem was indirect measurement of the end-effector contact forces from the cylinder load pin (or pressure) readings. Consequently, the designed controller was based on measurement of the cylinders forces. The desired impedance was designed to add a second-order term to the load (arm) inertia. Linear stability analysis was discussed for the single-cylinder case using the Nyquist criterion. A technique was proposed for appropriate selection of the impedance parameters and single-cylinder experiments verified the effectiveness of the designed controller. Task space impedance control was demonstrated by conducting a prototype leveling task and comparing the results with those of the pure position control. It was shown that using force measurements to modify the bucket trajectory leads to a desirable compliant behavior. The arm inertia (in task space) during the compliant motion was then studied as a second-order impedance added to this inertia.
Experiments showed that the inner loop position controllers need to be retuned for different engine throttles. In particular, the deadband levels seemed to vary with the throttle and therefore new values were necessary for their compensation. Consequently, it was decided to carry out all experiments with a constant (medium) engine throttle. Throttle compensation in the position control design is an important problem that should be addressed in the future work.
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